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1

Basic Principles

1.1. Introduction: The Surface Science

Approach

A solid body is always terminated by surfaces where the atoms

have a different environment (e.g., fewer nearest neighbors) from

that in thebulk.As a consequence, these surface atomswill exhibit

altered chemical reactivity.Unsaturated valencieswill give rise to

bond formation with particles impinging from the adjacent (gas-

eous or liquid) phase, and these “chemisorbed” species will in

turndiffer in reactivity fromthat in theabsenceof the surface.This

is the basic principle underlying the phenomenon of heteroge-

neouscatalysis.Depositionofmaterial beyond thefirstmonolayer

leads to nucleation of a new phase and eventually to crystal

growth (epitaxy). Control of these processes on the nanometer

scale is of crucial importance, for example, for semiconductor

microtechnology, and the whole field of “nanotechnology” is in

fact essentially governed by surface reactions. Atoms can, on the

otherhand,alsoberemovedfromthesurface, either thermallyor, if

this process is associatedwith charge transfer across the interface,
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with the aid of a proper electric potential. These electrochemical

reactions are underlying the processes of etching or corrosion.

This text is intended to outline our present understanding of

the fundamental processes underlying reactions at solid surfaces

instead of attempting to provide a full overview. For this reason,

the discussion will essentially be restricted to the simplest situa-

tions: processes occurring only in two dimensions, that is, involv-

ing chemisorbed phases, on surfaces consisting of only one

element, that is,metals. This scenario is foundwith a large variety

of heterogeneously catalyzed reactions for which a few case

studies will be discussed later.

Since the rateof sucha reaction isproportional to theareaof the

exposed surface, catalysts generally exhibit a high specific surface

area. Apart from the use of highly porous materials with large

“internal” surface areas (e.g., zeolites), this is mostly achieved by

depositing small particles of the active catalyst material onto

(more or less) inert high surface area supports. Figure 1.1 shows

a high-resolution electron micrograph of a Ru catalyst on a MgO

support together with a cartoon illustrating the different crystal

planes and edge atoms acting as active sites [1]. The catalyst

particles have indeed diameters of only a few nanometers or even

less: In fact, heterogeneous catalysishasbeenananotechnology for

more than a hundred years, long before this termwas introduced.

Metal particles consisting only of a very small number of atoms

may exhibit electronic properties and hence chemical reactivity

different from those of the bulkmaterial.Aprominent example for

this effect is offeredbygold:While thebulkmaterial is catalytically

practically inert, very small particles or thin films may exhibit

extraordinary activities [2], and this is a field of great current

interest. However, alterations of the bulk electronic properties of

the catalyst particles will be ignored in the following.

But there is another effect that may have utmost influence on

the reactivity: Small catalyst particles exhibit different crystal

planes together with structural defects and chemisorbed foreign
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atoms. All these effects render the surface chemistry of a “real”

catalyst rather complex. A solution to this problem was already

proposed by Langmuir [3] in 1922:

Most finely divided catalysts must have structures of great complexity.

In order to simplify our theoretical consideration of reactions at surfaces,

let us confine our attention to plane surfaces. If the principles in this case

are well understood, it should then be possible to extend the theory to the

case of porous bodies. In general, we should look upon the surface as

consisting of a checkerboard . . .

What Langmuir had in mind were clean, well-defined single-

crystal surfaces that can now be prepared and investigated

through the introduction of ultrahigh vacuum techniques and

the development of a whole arsenal of surface physical methods.

FIGURE1.1. High-resolution electronmicrograph from a small Ru particle on a
MgO support together with a sketch of its structure [1].
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Since the latter in most cases cannot be operated at the high-

pressure conditions of “real” catalysis, this causes the appearance

of a “pressure gap.” And since the properties of well-defined

single-crystal surfaces will generally be quite different from the

surfacepropertiesof “real” catalysts, thisgives rise to the so-called

“materials gap.” That these gaps can indeed be overcome will be

demonstrated by some of the examples to be presented.

One of the leading researchers of “classical” catalysis ex-

pressed his opinion about this “surface science approach” as

follows [4]: “Catalysis is a kinetic phenomenon. The urgent need

for rate constants demands the support of surface science.”

The physical tools for chemical analysis of surfaces as well as

for investigation of their structural, electronic, vibrational, and

dynamic properties have been described quite extensively in the

literature [5–11], so we refrain here from repetitions. Scanning

probe techniques, and in particular the scanning tunneling mi-

croscope [12],provedtobemostpowerful fordirectobservationof

processes on atomic scale.

1.2. Energetics of Chemisorption

Apart from ubiquitous van der Waals interactions leading to a

weakphysisorptionbond,particles impingingontoasolidsurface

may experience chemical bond formation called chemisorption—

a concept originally suggested by Haber [13] and somewhat

later substantiated by Langmuir [14]. This bond formation may

keep themolecular entity intact (nondissociative chemisorption),

or it may be associated with bond breaking and separation of

the fragments on the surface (dissociative chemisorption). The

reverse processes are called desorption. The strength of the

chemisorption bond (i.e., chemisorption energy) may be directly

determined by calorimetry. Recent developments even provide

such data from single crystals, but these techniques are elaborate

and hence applied only in a few laboratories [15,16]. If adsorption
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is in equilibrium with desorption, determination of the coverage

Q as a function of partial pressure p and temperature T provides

Ead through application of the Clausius–Clapeyron equation

dlnp

dð1=TÞ

�����
Q¼const

¼ �Ead

R

Thismeansaplot of lnpover 1/Tat constant coverageQyields

the isosteric heat of adsorption at the respective coverage. As an

example, Fig. 1.2 shows the variation of Ead for CO adsorbed on

Pd(1 1 1) with Q as determined in this way, where the coverage

was monitored through the respective change in the work func-

tion [17]. The adsorption energy remains constant up to Q¼ 0.33

and then drops by 2 kcal/mol due to a change in the adsorption

geometry as a consequence of the onset of repulsions between the

adsorbedmolecules. The full line in Fig. 1.2 shows the variation of

the adsorption energywith coverage (i.e., mean distance between

the adsorbed molecules) if the (slightly modified) interaction

potential between free CO molecules is operating, which fits

perfectly the experimental data at high coverages.

FIGURE1.2. The adsorption energy for CO adsorbed on a Pd(1 1 1) surface as a
function of coverage u [17].
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In general, interactions between adsorbates may be either

repulsive or attractive. Direct repulsive interactions result from

dipole–dipole interaction or from orbital overlap, but may, how-

ever, also be of indirect nature mediated through the electronic

system of the substrate [29]. Attractive interactions are usually of

the latter type and are analogous to the through-bond interactions

in organic chemistry [18]. Figure 1.3 shows the variation of the

O–O interaction potential with distance on Ru(0 0 0 1) as deter-

mined through themean residence times of the adsorbedOatoms

in different configurations [19].

Themost convenient (but also least accurate)method toderive

information about the adsorption energy is based on the analysis

of thermal desorption spectroscopy (TDS) data [5,20]. The tem-

perature of the adsorbate covered surface is increased continu-

ously with a constant heating rate b (so the momentary surface

FIGURE 1.3. Variation of the interaction potential between two O atoms ad-
sorbed on Ru(0 0 0 1) as a function of their separation (a0¼ lattice constant of the
substrate surface) [19].
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temperature is T¼T0 þ bt), and the concentration of desorbing

species ismonitoredbyaquadrupolemass spectrometer,whichat

high pumping rate is proportional to the rate of desorption:

�dni
dt

¼ nin
x
i exp �E*

ides

RT

� �

Here ni is the frequency factor (“preexponential”), x is the

reaction order, and E*
i is the activation energy for desorption.

If adsorption is nonactivated, the latter quantity equals Ead.

The main problem lies in the fact that ni and x are usually

unknown, so a simple determination of Ead from the TDS peak

temperature Tmax [21] has to rely on reasonable assumptions of

these quantities. More reliable determination has to be based on

analysis of TDS peak shapes [5,22]. The preexponential n may

by regarded as representing the frequency of vibration of the

adsorbedparticle against the surface and is frequently assumed to

be of the order of 10�13 s, butmay actually deviate from this value

by up to several orders of magnitude.

The energetics of dissociative adsorption can readily be ratio-

nalized by means of the one-dimensional potential diagram pro-

posed by Lennard-Jones [23] and reproduced in Fig. 1.4: If a

diatomicmolecule A2 approaches a surface, it will first experience

(weak) bonding as A2,ad. Dissociation of the free molecule would

require the dissociation energy Ediss, and the two atoms would

then form strong bonds with the surface (Aad). The crossing point

of the two lines marks the activation energy for dissociative

adsorption and determines the kinetics of adsorption (see below),

while the adsorption energy Ead for A2 ! 2Aad is related to the

surface–adsorbatebondenergyES-A throughES-A ¼ 1
2 ðEadþEdissÞ.

In thecaseofnoninteractingadsorbedspeciesAad,desorption then

follows second-order kinetics and theTDS traces are characterized

by a shift of the peakmaxima to lower temperatures with increas-

ing coverage as can be seen fromFig. 1.5with data from theH2/Ni

(1 0 0) system [24].
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FIGURE 1.4. Lennard-Jones diagram illustrating the energetics of dissociative
adsorption.

FIGURE 1.5. A series of (second-order) thermal desorption spectra for recom-
binative desorption of H2 from an Ni(1 0 0) surface. Parameter is the initial
exposure in Langmuir [24].
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Chemisorption is essentially a localizedphenomenon, involv-

ing mainly the adsorbate and the neighboring atoms of the

adsorption site. Table 1.1 lists some data for the energy of CO

chemisorption on themost densely packed planes of some transi-

tion metals together with the M–CO dissociation energies of

corresponding carbonyl compounds [25]. The values for the

compounds are typically larger by about 30–50%, regardless of

whether mono- or multinuclear carbonyls are considered. This

finding appears to be qualitatively plausible, since a surface atom

is always surrounded by a larger number of neighboring atoms

and therefore exhibits reduced free valency. This is confirmed by

the fact that the chemisorption energy is usually higher on

crystallographically more open planes. Also defects, such as

monoatomic steps, are associated with higher adsorption ener-

gies, and the effect of surface structure is typically of the order of

about �10%. By moving an adsorbate across the surface, the

chemisorption energy varies by a similar order of magnitude.

This difference determines the activation energy for surface

diffusion, which is therefore typically smaller than about 20% of

the adsorption energy, so the adsorbed particle makes many

jumps across the surface before it eventually desorbs.

Relations between coordination chemistry of single metal

atoms and surface chemistry are illustrated by the interaction of

H2 with either a Ru atom or a RuO2(1 1 0) single-crystal sur-

face [26]. As shown in Fig. 1.6, H2 forms weakly held h2-H2

complexes with transition metal atoms [27], while on RuO2(1 1 0)

theH2molecule isheld inasimilarwayabove theRuatoms,where

bond lengths, vibrational frequencies, and bond strengths are

quite similar in both cases. However, the further reactivity is

different: While with the complex compound, dissociation of the

TABLE 1.1. M–CO Bond Energies (kJ/mol)

W(110) 113 Ru(0 0 0 1) 121 Ir(1 1 1) 142 Ni(1 1 1) 113

W(CO)6 180 Ru3(CO)12 171 Ir4(CO)12 188 Ni(CO)4 146
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H2 molecule leaves both H atoms attached to the central metal

atom,with the surface theH atoms prefer to become attached to a

neighboring atom into a dihydride configuration.

As far as data are available, with transition metals the

metal–metalbondenergies arequite similar in cluster compounds

and in bulk metals, but—what is even more important—are also

comparable to the strength of the chemisorption bond with, for

example, CO. In this way, it can be rationalizedwhy the structure

of a metal surface is frequently affected by chemisorption.

Theoretical description of the chemisorption bond and calcu-

lation of adsorption energies are nowadays mainly based on

application of density functional theory (DFT) [28]. This approach

has developed to a computational strategy of comparable accura-

cy to the traditional correlated quantum chemicalmethods, but at

much lower costs, and is now widely used to calculate bond

energies to fairly high accuracy comparable to experimental

data [29], but sometimes also at variance [30].

FIGURE 1.6. The bonding of H2 on a single Ru atom or on a RuO2(1 1 0)
surface [26]. (See color insert.)
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1.3. Kinetics of Chemisorption

Upon adsorption the coverage of the surface by the adsorbate

changes,where the absolute coverageQ isdefinedas the ratioof the

density of adsorbed particles na to the density of surface atoms in

the topmost layer ns, Q¼ na/ns. Saturation equals only in rare

cases Q¼ 1, so this definition is at variance with the original

Langmuirpicture [31] assuming that eachsurfaceatomrepresents

an adsorption site. This fact is taken into account by introducing

the relative coverage d¼Q/Qsat, which then reaches 1 at

saturation.

The flux of particles impinging on the surface per cm2 per

second is given by

fs ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p

where p is the pressure (Pa),m is the mass of the incident particle

(kg), kB isBoltzmann’s constant, andT is theabsolute temperature.

As a rule of thumb, 1� 10�6 Torr impinging on the surface for 1 s

would suffice to completely cover the surface if each particle

striking the surface is adsorbed. The exposure of 10�6 Torr s is

denoted as 1 L (Langmuir).

Only in rare cases each particle striking the surface will

become adsorbed, but only a fraction s, called the sticking coeffi-

cient. Generally, swill decreasewith increasing coverage from its

initial value s0 in the simplest (Langmuir) case of nondissociative

adsorption as s¼ s0(1� d). This is the simplest case that assumes

that whenever a particle strikes an empty site it will be adsorbed

with probability s0, otherwise it is reflected and the adsorbates are

randomly distributed on the surface.

An extension of this approximation is the so-called

“precursor” model [32,33], which is illustrated in Fig. 1.7. This

model assumes afinite lifetimeofparticles in a second layer on the

top of the chemisorbed phase (“extrinsic precursor”) during
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which they may reach unoccupied chemisorption sites or other-

wise desorb.As a consequence, at lower coverages the decrease of

s with d becomes flatter than that with the Langmuir model. An

example for such a behavior is shown in Fig. 1.8 for the system

CO/Pd(1 1 1) [34]. In this case, the initial sticking coefficient

s0¼ 0.96 is close to unity. These data were obtained by recording

FIGURE 1.7. The Kisliuk model for “precursor” mediated adsorption.

FIGURE1.8. Thestickingcoefficient forCOonPd(1 1 1)asa functionofcoverage
u [34].
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the fraction ofmolecules reflected from the surface in amolecular

beam experiment. This technique provides definitely the most

accurate values. More frequently, however, sticking coefficients

are derived from determination of the adsorbed amount (e.g., by

subsequent thermal desorption or by spectroscopic analysis) as a

function of gas exposure. In the case of activated adsorption, swill

increasewith temperature, but in general the angle of incidence as

well as gas and surface temperature will play a role as will be

discussed later.

Activated adsorption is primarily found with dissociative

adsorption as can be rationalized on the basis of Fig. 1.4. Adsorp-

tion in the molecular state, A2,ad (i.e., trapping), is sometimes

denotedas “intrinsic”precursor fromwhere the activationbarrier

for dissociation has to be surmounted. Usually at least two

neighboring free adsorption sites are required for this process,

so for random distribution of the adsorbates in the Langmuir

picture the stickingcoefficient is expected tovarywith coverageas

s¼ s0(1� d)2. Again, as with nondissociative adsorption, such a

situation is found only in exceptional cases since usually various

complications (such as the influence of defects or the need for

more than two adjacent vacant sites, etc.) come into play.

Thermaldesorption, as the reverseprocess of adsorption,may

formally be expressed as rdes ¼ �dni=dt ¼ ninxi expð�E*
des=RTÞ as

outlined above, where thermal desorption spectroscopy is a

widely used experimental technique [22,35,36].

1.4. Surface Diffusion

The periodic arrangement of atoms in a single-crystal surface

causes a periodic sequence of potential wells separated by an

energy barrier, the activation energy for surface diffusion E
�

(Fig. 1.9). In fact, this barrier depends on the direction of motion,

but the adsorbed particle will always jump to a neighboring site

along the path of minimum activation energy, which is then
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identified with E
�
. In the case of anisotropic surfaces, such as the

(1 1 0) plane of fcc crystals, diffusion will also be anisotropic as

manifested in the macroscopic behavior. Quite extensive studies

with single atoms hopping on metal surfaces have been per-

formed by applying field ionmicroscopy [37,38]. Onmacroscopic

(i.e., beyond atomic) scale, description of diffusion ismade on the

basis of a continuummodel, and the driving force for diffusion is

then the gradient of the chemical potential or, for noninteracting

particles, the concentrationgradient that reads (in onedimension)

ðqQ=qtÞ ¼ Dxðq2Q=qx2Þ (Fick’s law).

The Fickian diffusion constant is, on the other hand, related

to the hopping of individual particles as sketched by the

potential in Fig. 1.9 through the Einstein–Smoluchowski equation

FIGURE 1.9. Potential of a chemisorbed particle along a certain direction on a
single-crystal surface: (a) lifetime against desorption tsurf determined by the
adsorption energy Ead; (b) surface residence time formotion tsite determined by
the activation energy for diffusion E

�
. (See color insert.)
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D*
x ¼ hx2i=2t, where hx2i is the mean square displacement of a

randomly walking particle after time t. Experimental verification

of this equation is, however, rather difficult. The reason is that

determination of the Fickiandiffusion coefficient by following the

decay of the concentration profile of an adsorbed species requires

naturally finite coverages where interactions between adsorbed

particles come into play, so the general relation between the

Fickian, or chemical, diffusion constant Dx and D*
x, derived from

the random motion of individual particles, is given by

Dx ¼ D*
x½qðm=kTÞ=q lnQ�T (wherem is the chemical potential) [37],

where the factor in brackets becomes unity only for Q ! 0.

Another problem with macroscopic measurements is that even

well-prepared single-crystal surfaces contain numerous defects

with different adsorbate binding properties. Individual particle

hopping can be followed apart from field ion microscopy

(FIM) [38] by scanning tunneling microscopy (STM) [39,40].

The latter technique was also applied for demonstrating the

equality of Dx and D*
x (in the absence of adsorbate–adsorbate

interactions) with N atoms diffusing on a Ru(0 0 0 1) surface [40].

Exclusive dissociation ofNO at 300K atmonoatomic steps creates

a quasi d-function of Nad concentration at t¼ 0. Determination of

their mean square displacement away from the step as a function

of time leads toa straight linewhose slopeyieldsD*
x ¼ (3.4� 0.4)�

10�18 cm2/s (Fig. 1.10). The solution of Fick’s second law

for the indicated initial concentration profile (where the N

atoms do not cross the step) yields a Gaussian of the form

nðx; tÞ ¼ NDx=
ffiffiffiffiffiffiffiffiffi
pDx

p
t � e�x24Dxt, where n(x, t) is the number of

atoms contained in narrow stripes of width Dx parallel to the

step and N is the total number of atoms. This profile at a

certain time (t¼ 118min) is shown in the inset of Fig. 1.10 with

the full line being the Gaussian with Dx¼D*
x, that is, without fit

parameter. Measurements at varying temperatures yield from

D*
x ¼ D0 � expð�E*

diff=kTÞ the activation energy for surface diffu-

sion E*
diff¼ 0.94� 0.15 eV and a prefactor D0¼ 10�2 cm2/s. As a
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rule of thumb, E*
diff is generally expected to be about 20% of the

adsorption energy Ead. In this case, Ead¼ 5.7 eV [41], so the result

for E*
diff is consistent.

Ingeneral, except for such idealizedcasesas justdescribed, the

diffusion coefficient for adsorbates will be sensitively affected by

the surface structureand the coverage.Nevertheless,dataderived

on larger scales by macroscopic techniques (such as photoemis-

sion electron microscopy (PEEM) [42]) will be of relevance for

modeling surface reactions on these scales.

A special situation is found with chemisorbed hydrogen

atoms where quantum effects come into play. The activation

barrier for surface diffusion as sketched in Fig. 1.9b can become

surmounted not only by thermal activation, but also (with low

probability) by tunneling that manifests itself by the indepen-

FIGURE1.10. DiffusionofNatomsonaRu(0 0 0 1) surfaceat 300K:meansquare
displacement of N atoms from a monoatomic step where they were created by
dissociation of NO as a function of time. The inset shows the measured
distribution of distances from the step after 2 h (points) and a Gaussian with
adjusted parameters (full line) [40].
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dence of temperature at low T [37]. Inspection of Fig. 1.9 indicates

that a particle can reach a neighboring potential minimum by

tunneling, where the probability depends on the mass of the

particle and the height of the adjacent potential well. The latter

is also affected by the zero point energy, so (apart from the mass

difference) between H and D a pronounced isotope effect comes

into play.

At higher temperatures, still another effect comes into play:

vibrational excitationof adsorbedHatomswill cause transfer into

delocalized band states. This effect was first predicted theoreti-

cally for H atoms adsorbed on Ni surfaces [43,44] and demon-

strated by a combination of theory with vibrational spectroscopy

for the systemH/Pt(1 1 1) [45,46]. For not extremely low tempera-

tures, the low-lying vibrational excitationswill cause theH atoms

to become delocalized (like the conduction electrons in a metal),

and thus diffusion obtains a different meaning.
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